Well-designed electrochromic (EC) glazing control can improve the energy performance of buildings and visual comfort of occupants in highly glazed buildings. This paper designed and demonstrated a compact integrated EC glazing automation system to control tint states of a split-pane EC window according to variations of sky conditions. The control is based on monitoring the luminance distribution of the sky and real-time lighting computation for a building interior, using an embedded photometric device (EPD). It optimizes tint states of EC glazing to offer sufficient daylight provision and temper discomfort glare for occupants, which potentially mitigates excessive solar heat gain. 'In-situ' experiments were conducted in a full-scale testbed to demonstrate the daylighting performance under various sky conditions. Experimental results showed 83% of the working time for work-plane illuminance (WPI) and 95% of the time for daylight glare probability (DGP) were constrained in comfort range (WPI∈[500, 2000] lux, DGP ≤ 0.35) by the automated EC glazing (controlled by EPD) under clear skies; 68% of the time for WPI and 94% of the time for DGP in confined range under clear skies with thin clouds; 62% of the time for WPI and 85% of the time for DGP in confined range under partly cloudy skies.
1.Introduction
Strategies for regulating daylight in buildings have been ac-tively applied to mitigate energy consumption and promote vi-sual comfort for occupants. The growing adoption of highly glazed facadesin modern office buildings enhances the avail-ability of daylight and exterior view for occupants [1, 2] . Al-though daylight exploitation can reduce heating load and de-mand for electric lighting, excessive daylight ingress not only contributes to the upsurge of cooling load in a warm climate [3]but also induces discomfort glare for occupants, which can be moderated by daylighting control [4] . Research on visual comfort has gradually unveiled daylight contribution to occu-pants' health [5] and productivity [6] . The productivity saving of occupants, if projected on staffs' salaries benefits, is esti-mated to significantly exceed energy bills in office buildings [7, 8] . Despite its subjective notion, visual comfort has been quantified by multiple daylight metrics and norms for assess-ment according to levels of occupants' satisfactory, from the perspectives of daylight provision and discomfort glare sensa-tion. The European standard on lighting (EN 12464) [9] stipu-lates the minimum work-plane illuminance (WPI) required for LBNL-2001231 different indoor activities, including 500 lux for reading and writing, 1000 lux for quality control and inspection, and 1500 lux for precise manufacturing tasks. WPI lower than 500 lux can also be regarded as sufficient lighting for certain activities including computer-based work [10] . Studies have also found occupants have different preferences on the illuminance levels possibly due to their distinct sensitivity to light [11] and can tolerate lower illuminance levels of daylight than that of artifi-cial light [12] . The recent European standard on daylighting of buildings (EN 17037) [13] contains outwards view assessment ratings for occupants. Multiple glare risk metrics have been proposed for daylit environments for evaluating occupant dis-comfort glare, including the Daylight Glare Probability (DGP) [14] and the Daylight Glare Index (DGI) [15] . A number of studies have validated DGP as a reliable index for assessing glare risk in daylit space according to levels of occupant dis-comfort [16, 17] . These norms and metrics have paved the way for researchers and designers to improve the visual comfort of occupants.
Shading devices are commonly applied in conjunction with facadesto tune daylight injection into buildings. Although exterior shad-ing devices can achieve low heat gain and are relatively inex-pensive to manufacture [18] , switchable glazing preserves exterior views for occupants and has less installation, durability, and maintenance issues compared to shading devices [19] . It has been used as an alternative product for regulating daylighting in highly glazed office buildings, to improve energy saving and vi-sual comfort. With its technological advances, electrochromic (EC) glazing, which can change its optical property under an applied voltage, features multiple merits for building applica-tions, including a high modulation range of light transmittance, low driving voltage, and clear view in all tint states [20] , as compared to crystal liquid and suspended particle devices.
The integration of EC glazing with a control system is a major challenge for the broad application of EC windows. Since the sky is dynamic, daylight conditions can change drastically dur-ing daytime according to variations in the sun position, atmosphere turbidity, and patterns and motion of clouds. If not har-nessed properly, excessive daylight fluxes can overheat building interior and simultaneously induce discomfort glare for occu-pants [21] . Tint states of EC glazing therefore must vary in real-time according to dynamic sky conditions to optimize day-lighting in building interior, which is impractical to be realized by manual manipulation [22, 23] . Well-designed daylight con-trol systems can substantially reduce peak cooling loads, pro-vide sufficient daylight, and improve occupants' visual comfort [24] . Early studies of EC glazing control systems focused on maintaining the daylight provision with a single tint state of the whole window. Sullivan et al. [25] simulated three strategies of EC glazing control to compare their energy performance, in-cluding work-plane illuminance (WPI) maintenance based on a closed-loop control, linear tuning based on incident solar radi-ation and set-points, and tint control according to the cooling load. From the energy saving perspective, Karlsson et al. [26] studied control of EC transmittance according to solar radia-tion impinging on the window surface in three different loca-tions. Lee et al. [27] employed a ceiling-mounted photo-sensor to monitor WPI, based on which a closed-loop control system was set-up to maintain WPI between 540 and 700 lux. Daily lighting electricity demand was reduced by 8-23% as compared to a reference tinted glazing showing luminous transmittance of 0.5. Despite the achieved savings in artificial lighting by main-taining sufficient daylighting, the lighting control strategies can also influence the lighting saving in a specific application [28] .
Recent studies of EC glazing control have started taking dis-comfort glare into consideration as a human centric control in order to improve visual comfort for occupants. Jonsson et al. [29] constrained the transmitted direct solar vertical irradiance below 200 W/m 2 to moderate discomfort glare in a simulation study.
Gugliermetti et al. [30] used DGI to determine a solar irradiance set point to mitigate discomfort glare.
Piccolo et al. [31] employed two metrics, DGI N [32] and Glare Subjec-tive Rating (SR) [33] , to assess glare moderation by a closed-loop system that maintained WPI at approximately 300 lux. Al-though these approaches can improve visual comfort in a given situation, they are not designed to precisely control discomfort glare for users at a specific location (user-centric control); im-precise daylight control can either turn the environment dark [34] , increasing usage of artificial lighting [35] , or moderate glare insufficiently. Preventing discomfort glare from the sun remains a difficult task when the sun is in the field of view (FOV) of occupants. Fernandes et al. [36] introduced split-pane EC glazing control in which transmittance of two window panes was controlled independently. In order to moderate dis-comfort glare, two metrics (vertical illuminance at the eye level of occupants and luminance ratio between a visual task area and surrounding environment) were controlled by using the lighting calculation based on weather data and sky luminance models. In another study, Fernandes et al. [37] performed EC glazing control with different modes according to the set points of out-door vertical illuminance and solar position that is calculated based on astronomical formulas. When the sun is within a pre-set position range (can be seen through a window by occupants at a defined position), one or more subpanes will be tinted to the darkest state to temper discomfort glare, despite the result-ing dark daylit environment as reported by occupants. The set-points were changed seasonally to achieve better performance of glare mitigation in contrast to the adoption of constant set-points. Although discomfort glare from direct sun exposure can be improved by the adjustment of set-points based on practi-tioners' experience, the issue of veiling glare remains a chal-lenge due to secondary reflections on specular surfaces from the exterior surroundings, including glazing facades of oppo-site buildings and windscreen of parked vehicles. With tech-nological advances, calibrated cameras have been used indoors to monitor discomfort glare of occupants and control shading accordingly [38] . However, privacy issues introduced by plac-ing cameras within buildings to monitor interior space remains an impeding factor for a real application in EC window control [39] . Furthermore, since tinted EC glazing renders a bluish en-vironment and it is believed that users have a preference on the neutral spectrum of daylighting, Mardaljevic et al. [40] studied an approach for maintaining the neutral spectrum of illumina-tion with an EC window by combining tinted glazing panels with a small portion of clear glazing panels.
In this paper, a highly integrated EC glazing automation sys-tem was designed and 'in-situ' experiments were performed to demonstrate the maintenance of daylight provision and mitiga-tion of discomfort glare for occupants. The imaging system of the controller, attached to an EC window, monitors lumi-nance distribution in the exterior space, to avoid privacy is-sues in buildings. Based on a monitored luminance map, the controller is able to perform real-time lighting calculations and control tint states of an EC window to temper discomfort glare. Design of the decentralized system is introduced in Section 2.
The computation method and control algorithms are explained in Section 3. The empirical validation results are presented in Section 4 with regard to the performance of EC glazing con-trol.
2.Design

Systematic design of the automated EC glazing
The design of the automated EC glazing integrates an embed-ded photometric device (EPD) [41] that is attached on the glass, with its imaging system targeted towards outdoors as illustrated in Figure 1 , to control glazing tints to improve visual comfort for occupants, as a standalone system. The EPD acts as both a sensing unit and a controller for the EC glazing. With a vision of outdoor space, the EPD monitors luminance distribution of the sky vault and landscape faced by the fac¸ade, including the sun, clouds, sky background, and landscape objects. Based on a generated luminance map together with a geometric model of the building interior, EC tint states are determined based on the real-time lighting simulation performed on the EPD. It evaluates work-plane illuminance (WPI) and glare risk for various combinations of glazing tint, and the optimal tint state is de-termined to offer sufficient daylight provision and minimal dis-comfort glare for occupants within the building interior. The highly integrated design enhances convenience during installa-tion and application, since sensors or wiring connections are not required within the building interior. Privacy issues of us-ing cameras with vision of a building interior are avoided, since the imaging system of the EPD targets the outdoor space. Furthermore, the circuitry of an EPD is compatible with that of an EC glazing driver, since both are driven by low DC (direct-current) voltage, which can be integrated on a single printed circuit board (PCB).
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3.78 × 10 9 cd/m 2 (150 dB) based on HDR imaging techniques, which covers both the luminance of shadowed landscape during daytime and that of the direct sun orb (≤ 1.6 × 10 9 cd/m 2 ) as the two extremes. The EPD monitors the luminance distribution of the sky vault and landscape, within a 1.3 second acquisition time, and generates a luminance map with 1.2 million patches. In conjugation with a modelled scene, the real-time daylighting simulation can be performed on the EPD to assess indoor light-ing conditions. Based on a high-resolution luminance map, the capability of lighting simulation on the EPD was validated in several studies for facadeswith clear glazing and blinds in Lau-sanne, Switzerland [44, 45] which achieved below 20% error in simulating WPI distribution under dynamic sky conditions.
3.Methodology
Daylighting testbed
The space selected for this study is a full-scale outdoor testbed (Advanced Windows Testbed, Building 71t) with three parallel office rooms located at the Lawrence Berkeley National Labora-tory (LBNL) in Berkeley, CA (37 
Embedded photometric device
The EPD, proposed and demonstrated by Wu et al. [41, 42] , mainly comprises a low-cost image sensor, lens, and a field pro-grammable gate array (FPGA) processor. The imaging system of the EPD was deliberately calibrated in the spectral response, vignette effect, signal response curves, and geometric mapping. After spectral correction by optical filters, the spectral response of the imaging system matched the CIE photopic luminosity function V(λ) [43] , which emulates the response of human eyes. The spectral correction error f 1 ′ reaches 8.89% for photometric variable measurements. Based on its fast shutter speed, the EPD has a wide range of luminance detection from 120 cd/m 2 to (a) Daylighting testbed (b) Modelled scene
Fig. 2. A daylighting testbed with three parallel offices
In the prototyping phase, the EPD was placed outdoors in front of the EC fac¸ade (0.5 m distance to the fac¸ade, 1.5 m above the ground) with its axis of lens in the orthogonal plane of the fac¸ade for experimental convenience, as shown in Figure 3 a), instead of attaching the EPD to the glass as designed. It is as-sumed that the position translation of the imaging system has negligible influence on the lighting simulation. The EPD, as a controller, was connected to the EC glazing driver to pro-vide tint state signal, according to optimization results. The optimized tint states were determined according to the real-time lighting simulation results based on the monitored lumi-nance distribution of the sky (and landscape) performed by the EPD. In each room interior, lux-meters (LiCor LI-210SA, ±3% of reading,) and cameras (Canon EOS 5D) were positioned to measure WPI and monitor discomfort glare as references, for the purposes of cross validation and assessment of control per-formance. The digital single-lens reflex (DSLR) camera, employing HDR imaging techniques, composites multiple low dy-namic range images into an HDR image. The HDR image, cali-brated by the vertical illuminance measured by an adjacent ver-tical sensor, is used to calculate glare risk metrics, including daylight glare probability (DGP), using the evalglare program in RADIANCE software [46] from the captured view point. 
Simulation method
In this paper, WPI and DGP are two metrics that are used to evaluate visual satisfaction of occupants in the EC glazing con-trol. Although quasi real-time lighting simulation results can be achieved using the backward ray-tracing algorithms [47] , the iterative computation of these algorithms is timeconsuming to assess lighting conditions for various tint state combinations of EC glazing, especially on a compact platform. Therefore, a matrix algebraic approach [48, 49] of lighting simulation is employed on the EPD in order to make iterative calculation more time-efficient. The idea is to employ the RADIANCE software [46] to pre-compute a set of matrices that relate the sky luminance distribution to the contributed WPI in building interior. Instead of using the original five-phase method devel-oped for sky luminance models [49] , the matrix algebraic approach is modified for split-pane EC glazing control based on high-resolution monitoring of the sky luminance distribution as shown in Equation (1), where numeric subscripts 1 and 2 denote the independent contribution of the upper daylight window sec-tion and that of the lower view window section respectively, as illustrated in Figure 2 b). Equation (1) calculates the horizontal illuminance vector of work-plane i wp , in which the mean is re-garded as WPI in EC glazing control. Equation (1) separates the contribution from the sky vault and the sun, due to the required different resolution.
is the solar coefficient matrix for the upper day-light window section, which is associated with the con-tribution from the sun luminance to the horizontal illuminances at corresponding positions on the work-plane through the upper daylight window section
• C d s2 is the solar coefficient matrix for the lower view win-dow section, which is associated with the contribution from the sun luminance to the horizontal illuminances at corresponding positions on the workplane through the lower view window section . Therefore, after generating the luminance map of the sky and landscape with 1.2 million patches on the EPD, the solar component is extracted from the luminance map and it is sub-sampled with 3602 elements to generate a sky vector s after being prefiltered. The sun position is discretized into 5176 locations (Reinhart MF:5) in s sun , each spanning an apex angle of 0.53 • , and the sun is approximated to the nearest location with a maximal 1.5 • bias. Although preparation of these matrices is relatively time consuming, the iterative calculation of work-plane illuminance i wp (performed on the EPD) only involves matrix multiplication, which is substantially more timeefficient than the ray-tracing approach. To generate view images (resolution 500 × 500) for DGP calculation, the routine is similar to that of the work-plane illuminance vector i wp in Equation (1); the only differences are matrices V and C d s that are changed into arrays of view images.
The bi-directional transmittance distribution function (BTDF) is employed in the lighting simulation as the matrix T in Equa-tion (1). BTDF, which characterizes light transmission behavior of a complex fenestration system (CFS), is defined as the ratio of emergent luminance to incident illuminance on the incident plane [53] . BTDF has been commonly used to represent a CFS in lighting simulation without knowledge of material property or geometry of a CFS. which speeds up computation. In this paper, the 'genBSDF' program in RADIANCE software was employed to generate the BTDF data of the EC glazing at dif-ferent tint states. The original genBSDF program was modified to output BTDF data based on the Tregenza angular basis sub-divided by a factor of four (Reinhart MF:4, 2305 × 2305) in-stead of the default Klems angular basis (145 ×145), to resolve small-scale glare source in lighting simulation. Figure 4 illus-trates the tone-mapped HDR image of the BTDF matrix of EC glazing at 18% transmittance, which is essentially a diagonal matrix (black region denotes zero). The horizontal illuminances at the same positions of lux-meters (at 0.75 m, 1.5 m, 2.25 m distance to the fac¸ade) are simulated by the EPD based on a monitored luminance map of the sky, the mean of which is regarded to be WPI. The WPI is constrained to be greater than 500 lux, which satisfies minimal daylight provision requirement (En 12464-1 [9] ), and to be be-low 2000 lux, which mitigates excessive daylight provision and solar heat gain. Although there is no consensus on the upper limit of WPI, the upper bound between 2000 lux and 3000 lux has been used in studies of shading control [54] and daylight-ing analysis [55, 56] , exceeding which is associated with vi-sual and thermal discomfort. In this study, the WPI range [500, 2000] lux is adopted to demonstrate the daylighting control per-formance, which can also be modified accordingly in a specific application to meet users' lighting preference. Two view perspectives are defined at the mid-point of two parallel edges of the virtual desk at the height of 1.2 m, orienting 45 • and 135 • re-spectively, towards the fac¸ade with a 10 • elevation angle, which makes both the window and sunlit area on the wall to be in the center of FOV, as the direction of camera lens shown in Figure 3 b ). The defined view directions emulate two occupants sitting on two sides of the virtual desk and facing the fac¸ade as one of the worst cases regarding sensing discomfort glare, since major potential glare sources (light transmitted through the window or reflected from the wall) are in the FOV of occupants. The higher DGP from the left (DGP l ) or right (DGP r ) perspective is constrained below 0.35 by the EPD controller, which lim-its the discomfort glare within the imperceptible level for both view directions. When the EC glazing approaches a lower luminous transmittance state, the outside view becomes darker and is tinted with a blueish color shift. To optimize the view qual-ity for occupants, the cost function is established to maximize transmittance of the lower view window section β 2 [40] , pro-vided that the constraint is satisfied with regard to the daylight provision (WPI) and discomfort glare (DGP). Figure 5 illustrates a flowchart of EPD evaluation in tuning tint states of the split-pane EC glazing to optimize daylighting for occupants' visual satisfaction. The time consumption required for each stage is labelled next to the corresponding diagram block. The EPD starts with monitoring the luminance distri-bution of the sky vault and ground fraction facing the fac¸ade, including that of the sun, clouds, the sky vault, and landscape. A high-resolution luminance map is generated and is then transformed into a sky vector s with 3602 elements and a direct sun vector s sun with solar luminance in one of its 5176 elements, as defined in Equation (1). Following matrix multiplication in Equation (1), the WPI is calculated for 16 EC tint combinations, with four tint states of the upper daylight window section and four states of the lower view window section, the computation of which is accomplished in 10 ∼ 20 s. The EC tint combina-tions with corresponding WPI within the constraint are selected for further assessment of discomfort glare. If no combination satisfies the WPI range, this suggests the WPI is below 500 lux for all tint combinations and the optimal tint states should be clear (60% transmittance) for both EC glazing sections to admit a maximal daylight flux, since it is impossible for WPI to exceed 2000 lux when both glass sections are at 1% transmit-tance. Next, the HDR view images are generated for selected tint combinations, which requires 400 ∼ 500 s, and then the corresponding DGP is calculated from left and right view per-spectives. The optimal tint combination is the one that satisfies its DGP below the perceptible glare threshold, with the clear-est possible tint in the lower view window section to secure outwards view quality. Finally, the EPD sends a control sig-nal of the determined tint combination to the EC glazing driver to adjust the daylighting in buildings. Although one evaluation of control algorithms requires 8-10 min, this paper employs an interval of 15 min with additional time margin to synchronize with reference apparatuses for comparison.
Fig. 5. Flowchart of each EPD evaluation in EC glazing control
In order to outline the performance, regulated daylighting con-dition in Room C, with its EC glazing control performed by the EPD, was compared with that in Room A and B, as illustrated in Figure 6 . The interior set-ups are the same for the three rooms with identically positioned lux-meters and reference cameras; the only difference is the window glazing states. The EC glaz-ing of Room B is controlled based on the weather data (direct normal and diffuse horizontal irradiance) at LBNL and Perez allweather model [57] as input to the same matrix algebraic approach introduced in Section 3.2, as a conventional control case. With a low-emittance glazing, Room A acts as a reference case illustrating a daylit environment without dynamic control. 
4.Empirical validation
Cross comparison
Although the EPD was demonstrated in its capability of real-time lighting simulation of workplane illuminance by Wu et al. [41, 45] in several studies, a cross comparison experiment was conducted to further assess the performance of EPD in WPI, image rendering, and DGP calculation in the testbed with static tinted EC glazing.
The experiment was implemented under a clear sky on Sept.
21 st , 2018. The EC fac¸ade was tinted at 18% transmittance (light tint) for both the upper daylight and lower view window sections throughout the day. The EPD was positioned in front of the testbed to monitor luminance distribution of the sky and to perform a lighting simulation in WPI and DGP every 15 min from morning to evening at the defined interior positions as de-scribed in Section 3.3. As a reference, lux-meters were used to monitor the WPI every minute and cameras recorded HDR view images at five min intervals, based on which reference DGP was computed. Figure 7 shows the WPI and DGP in sub-figures a) and b) respectively, where green curves denote sim-ulated value performed by the EPD, and grey curves represent the measured values from reference apparatuses. The density of data points on the green and grey curves are different, since the EPD performed the lighting simulation at a lower frequency as compared to the sampling frequency of the reference lux-meters and cameras. The average root-mean-square error (RMSE) of the simulated WPI is 17.6% and that of DGP is 2.7%, as com-pared to reference values. In a second comparison, the upper daylight glazing section was set to 1% transmittance and the lower view glazing section was set to 6% transmittance. Figure 8 shows a rendered view image performed on the EPD and an image captured by the camera on the right side in the testbed respectively at the same time from identical view perspectives. A sound correspondence on the light and shadow on the wall can be found between the two sub-figures. Although the landscape of sub-figure a) has a mosaic pattern due to the sub-sampling process in generating the sky vector, the landscape profile is discernible and match the captured HDR view image as shown in sub-figure b). 
EC glazing control
For EC glazing control, the EPD monitored luminance distribution of the sky (and landscape), simulated interior WPI and DGP at defined positions, and optimized tint states for EC glazing, following the flowchart in Figure 5 . The EPD performed the evaluation and controlled EC tint combination of Room C every 15 min, as described in Section 3.3. To outline the performance of EPD, weather data (direct normal and diffuse horizontal irradiance) from a weather station at LBNL was used with the same lighting simulation method (matrix algebraic approach) employing the Perez all-weather model, as described in Section 3.2, to control the EC glazing simultaneously in Room B, as a conventional control strategy based on weather data. Room A provided an unregulated daylighting condition with fixed glazing transmittance (low-emittance window) as reference. To simultaneously evaluate the glazing control performance in the three parallel rooms, lux-meters and cameras were used to monitor WPI and DGP respectively. Experiments were conducted from Oct. 22 nd to 28 th , 2018 under various sky conditions, including clear, clear with thin clouds, and partly cloudy. Figure 9 shows the result of WPI on Oct. 24 th under a clear sky. Sub-figure a) shows the mean horizontal illuminance on work-plane monitored by six lux-meters as WPI in Room C with its EC glazing controlled by EPD, denoted by green curves in the upper section of Figure 9 a). The grey curve represents the WPI monitored by lux-meters in Room A without daylighting regulation as a reference (low-emittance window). The lower section in Figure 9 a) illustrates the optimized tint states for EC glazing in the upper daylight section and lower view section. Before the EPD started the first evaluation, WPI had exceeded the upper constraint bound (2000 lux). Therefore, the controller switched the EC glazing to 1% transmittance in the upper sec-tion and to 18% in the lower section from the initial clear tint state (60% transmittance). The WPI dropped accordingly into the constraint (500∼2000 lux, the highlighted region), in which the computation time of EPD and the response time of EC glaz-ing (10∼30 min) contributed to the delay. When the sky lumi-nance surged at 10:40, the EPD further tinted the lower window section to 6%, which suppressed the increased WPI below 2000 lux. Throughout the day, the WPI was maintained within the constraint, as the glazing tint states were optimized dynamically according to variation in the luminance distribution of the sky. In the evening, when the WPI approached the lower bound (500 lux), the EC glazing was bleached to allow in sufficient day-light. Figure 9 b) Figure 10 a) shows the maximum DGP monitored by the two cameras in room C with EC glazing controlled by the EPD (green curve) on the same day, as compared with that in room A without dynamic EC glazing (grey curve). Since cameras recorded DGP at a five min interval, the data points are sparser than those in Figure 9 . The DGP was mitigated from above intolerable (> 0. 45 , the DGP still slightly exceeded the imperceptible bound due to the intensive luminance of the sun orb, which is one limitation of mitigat-ing disability glare due to the sun using EC glazing. Figure 10 b) presents the DGP monitored by cameras in room B with EC control based on real-time weather data and the Perez all-weather model (green curve). The curve shows a relatively high chance of exceeding the comfort range and the frequency of variation in tint states is increased. The time fraction that DGP was maintained within comfort constraint is 94.6% for the EC glazing control based on the EPD in Room C, while it is 61.2% for the EC glazing control based on weather data and Perez all-weather model in Room B, as compared to 7.5% without daylighting control in Room A, under a clear sky.
Under a clear sky with thin clouds, the motion of clouds con-tributed to the fluctuation of daylight provision in the building interior on Oct. 27 th , as the WPI illustrated in Figure 11 . Sub-figure a) shows the WPI monitored by lux-meters in Room C with EC glazing controlled by the EPD (green curve), compared with that in Room A with a static low-emission window (grey curve). Although the external daylight condition varied throughout day, the WPI tuned by EC glazing controlled by the EPD was maintained within the [500, 2000] lux range 70.3% of the work time, as compared to 9.7% of the time without EC glazing protection. The rapid movement of clouds and re-sponse delay of both the EPD and EC glazing contributed to the over-suppression of WPI below 500 lux at 15:00. Sub-figure b) presents the WPI monitored by lux-meters in Room B with EC glazing control based on real-time weather data and the Perez all-weather model (green curve). Since a sky model does not resolve cloud pattern distribution in real-time, the day-light provision cannot be simulated accurately based on an as-sumed smooth sky luminance distribution by the sky model, and the WPI exceeded the upper bound of 2000 lux multiple times, which was possibly a result of underestimated WPI sim-ulation, with 25.8% of the time within constraint. Moreover, EC tint states controlled by the EPD showed a relatively better stability with less variations than those of EC glazing control based on weather data and sky model. Fig. 11 . WPI with EC glazing controlled by different methods (thin clouds) Figure 12 a) shows the DGP monitored by cameras in Room C with EC glazing controlled by the EPD (green curve), as compared with that monitored by cameras in Room A without daylighting control (grey curve). The DGP fluctuated through-out the day due to the movement of thin clouds, occluding the sun occasionally. The time ratio of DGP within the impercep-tible range reached 93.5% with EC glazing controlled by the EPD, while it reached 35.8% with EC glazing control based on weather data and a sky luminance model as shown in Figure 12 b), as compared to 22.8% without EC glazing protection. The EC glazing control based on the EPD showed a pronounced advantage over the control based on weather data in regulating daylight provision and tempering discomfort glare under a clear sky with thin clouds. sity and the WPI was over-suppressed marginally below 500 lux at 11:00 due to the delay of EPD evaluation and EC glazing response. The tint states of EC window at 11:00 were optimized for the daylight condition 20 min before. The overshoot or over-suppression of WPI was also due to the response delay at 11:30, 12:10, 13:30, 13:50, 15:10, and 15:30. Although the rapid mo-tion of clouds deteriorated EPD performance, the EPD outper-formed the weather data and sky luminance model based con-trol in maintaining WPI as shown in Figure 13 b) (green curve), with 63.3% of the time within constraint rather than 49.1% of the time based on weather data and a sky model, compared with 9.1% of the time in constraint without daylighting control. Partly cloudy skies are the most challenging sky conditions for the EC glazing control, since daylight availability varies dras-tically in both magnitude and frequency due to movement of thick clouds, when the performance of EPD can be limited by its computational time consumption and delay of EC window response. Figure 13 presents the WPI recorded by lux-meters in room C with the EC window controlled by the EPD (green curve) on Oct.
23 rd under a partly cloudy sky, as compared to that in Room A with a low-emission window (grey curve). When the EPD started to operate and sent a signal to modify EC tint states, the external daylight decreased sharply in inten- 
5.Discussion
In this paper, the EPD performance of the DGP simulation was compared with DSLR cameras based on captured HDR im-ages in Section 4.1. Although DSLR cameras with high-quality fish-eye lens have been widely used by researchers to quan-tify discomfort glare, cameras commonly require a relatively long exposure time (commonly approximately 30 s) to achieve a wide luminance detection range and a lowtransmittance neu-tral density (ND) filter to attenuate solar luminance due to its limitation of shutter speed when the sun is in FOV. Researchers also depend on the linear transformation of color space to gen-erate luminance values from captured images, the spectral re-sponse mismatch with the photopic luminosity function V(λ) being commonly unidentified. With spectral correction by optical filters, the EPD has a close spectral response to the V(λ) (f 1 ′ = 8.89%) in monitoring sky luminance distribution. Its high-speed shutter makes the acquisition time relatively short (in 1.3 s), with a dynamic range of 150 dB for luminance de-tection, which is advantageous in capturing fast-moving clouds regarding effects of motion blur. Moreover, a single EPD is able to simulate DGP values at multiple defined positions and view directions simultaneously, while multiple cameras must be used to accomplish the task using captured images despite their ac-tual positions. In EC glazing or shading control, it is impractical to place multiple DSLR cameras at occupants' view positions, due to privacy issues and occupants' random motions occluding the FOV of DSLR cameras.
In EC window control, the EPD operates at 15 min intervals to modify tint states of EC glazing continually according to dy-namic sky conditions. When the sky varies more rapidly than the evaluation frequency of EPD, the EPD can miss the instan-taneous variation of the sky, or the delayed response of EPD together with that of the EC glazing can contribute to overshoot-ing or over-suppression of WPI and DGP. Figure 15 , captured by one DSLR camera in Room A, illustrates the overshooting of WPI at local time (LT) 12:10 in Figure 13 on Oct.
23 rd under a partly cloudy sky. As highlighted in Figure 15 a), a cloud was on the right side of the window, 2 min before the EPD eval-uation at LT 11:52. After evaluation (3 min later), the cloud moved to the left side of the window, as highlighted in Fig-ure 15 b) . In fact, the cloud occluded the sun when EPD eval-uated the sky conditions at LT 11:52. Therefore, the resulting low daylight availability, at that moment, caused the EPD to in-crease the transmittance of the EC window to 18% for both win-dow sections. After 15 min, when the tint states reached 18% transmittance and the cloud moved away, the excessive day-light injection contributed to the overshoot of WPI at LT 12:10 in Figure 13 . To resolve the uncommonly fast moving clouds, advanced hardware can be applied to enhance the computation speed of EPD if the increased cost is acceptable to users. Al-ternatively, employing simplified algorithms can also increase evaluation frequency of the EPD despite sacrificing simulation accuracy. Figure 15 . This period offered the condition to investigate the EC glazing control in mitigating discomfort glare from the sun. In summer, less dis-comfort glare is expected since the solar elevation angle (75 • ) is higher at noon and the sun can be occluded by the ceiling for occupants. At winter solstice, the sun is visible through the upper window section, which is similar to the experimen-tal period, however, the 10 • difference in elevation angle can possibly influence the level of discomfort glare. Although vari-ous sky conditions have been assessed including clear sky, clear sky with thin clouds, and partly cloudy sky during the limited period, the influence of the solar elevation angle on the con-trol performance of the EC glazing will be investigated during different seasons in the future.
6.Conclusion
The integration of electrochromic (EC) glazing with an efficient tint control system is a major challenge for the broad applica-tion of EC glazing. This paper presents a highly integrated de-sign of a standalone EC glazing control system to achieve vi-sual comfort for occupants. An embedded photometric device (EPD), which acts both as the sensing unit and the controller, can monitor the luminance distribution of the sky and landscape and perform real-time lighting simulation of a building interior. Based on simulated results, tint states of a splitpane EC glaz-ing are optimized to maintain workplane illuminance and to mitigate discomfort glare for occupants, which potentially mit-igates excessive solar heat gain.
A cross comparison was performed to demonstrate the lighting simulation capability of EPD in workplane illuminance (WPI), image rendering, and daylight glare probability (DGP) calcula-tion, with lux-meters and calibrated cameras. Based on a matrix algebraic approach, the EPD was able to assess WPI and DGP in the building interior for 16 tint combinations of a split-pane EC window and to optimize EC glazing tint to achieve visual comfort within 8-10 min. 'In-situ' experiments of split-pane EC glazing control were conducted in a daylighting testbed un-der various sky conditions. Three parallel office rooms illus-trated daylighting conditions controlled by EC window with the EPD control, with the conventional control based on realtime weather data and sky luminance model, and without daylighting control (clear glazing) respectively. The results showed that the WPI was within the confined range (WPI∈[500, 2000] lux) 83% of the working time and the DGP within comfort range (DGP ≤0.35) 95% of the time fraction with daylighting controlled by the automated EC glazing based on the EPD under clear skies; under clear skies with thin clouds, the WPI was within confined range during 68% of the time and the DGP during 94% of the time. Although the computation time of EPD and response de-lay of EC glazing limited the performance of daylighting con-trol under partly cloudy skies, the EPD controlled EC glazing was able to dampen the WPI and DGP variation when daylight condition varied rapidly, with 62% and 85% of the time main-tained in the confined range respectively. The split-pane EC window glazing controlled by the EPD was superior at reach-ing visual comfort as compared to a conventional strategy with EC glazing control based on weather data and sky luminance models.
Furthermore, the designed EC control system also features mer-its in installation convenience, since the integrated design avoids placing separate sensors and avoids wiring issues in the build-ing interior. As a decentralized system, the designed EC con-trol system is independent of weather data or weather stations which commonly require the access to a non-shadowing roof. Additionally, preknowledge of window position and direction is not required since a relative coordinate is established in the EPD controller. Moreover, the glare due to secondary reflection on specular surfaces from surroundings can be mitigated poten-tially, since the EPD monitors the luminance distribution of the exterior space.
Investigation on the application of the integrated EC control system in open-planned offices will be conducted, and exper-iments of EC glazing control will be extended to different sea-sons to assess the influence of the solar elevation angles in the future. To cope with the rapid variation of daylight under partly cloudy skies, improvement in the response delay of EPD will be studied by employing simplified algorithms and advanced com-putation hardware and in using faster responding EC glazing.
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